Protons and helium nuclei are the most abundant components of the cosmic radiation. Precise measurements of their fluxes are needed to understand the acceleration and subsequent propagation of cosmic rays in the Galaxy. We report precision measurements of the proton and helium spectra in the rigidity range 1 GV-1.2 TV performed by the satellite-borne experiment PAMELA.
We find that the spectral shapes of these two species are different and cannot be well described by a single power law. These data challenge the current paradigm of cosmic-ray acceleration in supernova remnants followed by diffusive propagation in the Galaxy. More complex processes of acceleration and propagation of cosmic rays are required to explain the spectral structures observed in our data.
Since the discovery of cosmic rays, various mechanisms have been proposed to explain the acceleration of particles to relativistic energies and their subsequent propagation in the Galaxy.
It was pointed out long ago [e.g. (1, 2) ] that supernovae fulfill the power requirement to energize galactic cosmic rays. Subsequently, models were put forward explaining the acceleration of cosmic ray particles via diffusive shock acceleration produced by SN (supernova) shock waves propagating in the interstellar medium [see (3) for a review].
At the end of the acceleration phase, particles are injected into the interstellar medium where they propagate, diffusing through the turbulent galactic magnetic fields. Nowadays, this propagation is well described by solving numerically (4) or analytically (5, 6 ) the transport equations for particle diffusion in the Galaxy. The galactic magnetic fields mask the arrival direction of charged particles, making the cosmic-ray flux isotropic although there are hints of anisotropy in the 10-100 TeV range (7) .
Recent PAMELA measurements of the antiparticle component of the cosmic radiation (8) (9) (10) have prompted a re-evaluation of possible contributions from additional galactic sources, either of astrophysical [e.g. pulsars (11) ] or exotic [e.g. dark matter (12, 13) ] origin. Detailed knowledge of cosmic ray spectra is needed to: a) identify sources and acceleration/propagation mechanisms of cosmic rays; b) estimate the production of secondary particles, such as positrons and antiprotons, in order to disentangle the secondary particle component from possible exotic sources; c) estimate the particle flux in the geomagnetic field and in Earth's atmosphere for in-orbit dose estimations and to derive the atmospheric muon and neutrino flux, respectively.
We present absolute cosmic ray proton and helium spectra in the rigidity interval between 1 GV and 1.2 TV ( GV and ∼ 1200 GV, but differ both in shape and absolute normalisation at lower energies. The extrapolation to higher energy of the PAMELA fluxes suggest a broad agreement with those published by CREAM (20) and JACEE (22) but are higher than the RUNJOB (21) helium data.
To gain a better understanding of the spectra, we have analysed our results in terms of rigidity instead of kinetic energy per nucleon (Fig. 2 and Tables S3, S4 ). Two important conclusions can be drawn from the PAMELA data.
Firstly, the proton and helium spectra (J(R)) have different spectral shapes. If a single power law, J(R) = AR −γ R , is fit to the data between 30 GV (above the influence of solar Proton and helium absolute fluxes measured by PAMELA above 1 GeV/n, compared with a few of the previous measurements (14 -22) . All previous measurements but one (17) come from balloon-borne experiments. Previous data up to few hundred GeV/n were collected by magnetic spectrometer experiments (14) (15) (16) (17) 19 ) while higher energy data come from calorimetric measurements. PAMELA data cover the energy range 1 GeV -1.2 TeV (1-600 GeV/n for He). The fluxes are expressed in terms of kinetic energy per nucleon, converted from the rigidity measured in the tracker and neglecting any contribution from less abundant deuterium (d/p ≃ 1%) and 3 He ( 3 He/ 4 He ≃ 10%). Pure proton and 4 He samples are therefore assumed. Error bars are statistical, the shaded area represents the estimated systematic uncertainty. Tables S1, S2. which establishes that there is a significant difference between the two spectral indices in this rigidity region. These effects are also seen in Fig. 3 (and in Table S5 ), where the proton-tohelium flux ratio is shown as a function of rigidity. Presenting the results as a ratio reduces the possible impact of systematic errors because a number of instrumental effects cancel in the ratio, e.g. the estimation of live time and the error associated with the alignment of the tracker and the track reconstruction algorithm. The proton-to-helium flux ratio shows a continuous and smooth decrease as the rigidity increases. The same ratio cast in terms of kinetic energy per nucleon or total kinetic energy exhibits more irregular behaviour (Fig. S1 ). By applying a power law approximation to the two spectra, the ratio can be used to determine the difference between the two spectral indices with a smaller associated systematic error, ∆ γ R = γ Tables S1, S2. low as 5 GV (green line in Fig. 3 ). For rigidities R >> φ, the ratio of the two species is independent of the solar modulation parameter and allows ∆ γ for the interstellar spectrum to One of the most striking features of the cosmic rays prior to PAMELA observations was their apparently featureless energy spectra. Until now, single power laws, as predicted by the shock diffusion acceleration model and diffusive propagation in the Galaxy [see (28) for a recent review], could reproduce spectra using similar spectral indices (a fit to the experimental data yields γ ≃ 2.7) for protons and heavier nuclei up to energies of about ≈ 10 15 eV (the so-called 'knee' region). Such assumptions are routinely incorporated into common used propagation models, such as GALPROP (4), which is widely considered to be the standard model of cosmicray acceleration and propagation. Our results challenge this scenario (29) . As it can be seen in Figs. 2 and 3 the GALPROP calculation does not reproduce PAMELA data across the full rigidity region. Moreover it is difficult, even with recent models of non-linear shock acceleration [e.g. (30, 31) ], to produce significant differences in the proton and helium spectra as low as a few tens of GV.
The hardening in the spectra observed by PAMELA around 200 GV could be interpreted as an indication of different populations of cosmic ray sources. As an example of a multisource model, Fig. 2 shows a comparison with a calculation (blue curves) by Zatsepin and Sokolskaya (26) , which was put forward to explain ATIC-2 data (18) and considered novae stars and explosions in superbubbles as additional cosmic-ray sources. The parameters of the model were fitted to match ATIC-2 data and, consequently, are in disagreement with PAMELA data in absolute fluxes and the ratio. If the parameters of this model are fitted to the PAMELA data the agreement can be greatly improved (red curves of Fig. 2 and 3) . CREAM also reported a direct measurement, albeit with a low statistical and systematic significance, of a change of the slope for nuclei (Z ≥ 3) at 200 GeV/n, i.e. at a higher rigidity (≃ 400 GV) than our observed break in helium spectrum.
An indication that proton and helium have different spectral indices at high energy (∼ 10
TeV) was reported by JACEE (22) . More recently CREAM (20) indirectly inferred [using also AMS (17) and BESS (32) data)] that spectral deformation should occur at about 200 GeV/n for both species. This is similar to our results for protons but higher (400 GV) than our results for helium. Results from ATIC-2 (18) implied that protons and helium nuclei have different energy spectra, although the results suffered from unclear systematic uncertainties and there were differences with respect to previously reported ATIC-1 (33) data.
